NACA RM E56Al13a

2669

[P &

fo . .

235

RM E56A13a

. S z /"" e

/
/

RESEARCH MEMORANDUM

THEORETICAL PERFORMANCE OF JP-4 FUEL WITH A 70-
PERCENT ~-FLUORINE -~ 30-PERCENT -OXYGEN
MIXTURE AS A ROCKET PROPELLANT
I - FROZEN COMPOSITION
By Sanford Gordon and Vearl N. Huff

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

HARGC
—poroil LIER
£FL 2811

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
April 11, 1956

r'\f'\ﬁ\f“

i

_ WN "g4Y) AtvHdi? HO3L

)




Chcsification conceiied (or changed tof:fé.;f.a.ﬁ*.’%’}fé:...m....)

VAT T Fop S camcizuson o s
8y Muthority of.ﬁdéff..%.‘ﬁ..@@,-. ot i M CATTHLER o i
(OFFICER AUTHORIZED 10 GHANGE)

BY.rrn - R 7 Y-

NAME AND o
nu-nﬁoﬁa.&ﬁai;ié-émﬁnaﬁi."-.c.é.a..-... vrrevasname .....;--.-.._..ﬁnollut‘\
Latilerqy

eaiscescssrsetly




8662

\U2 N

i

NACA RM E56A13a ST 01y IM Tm”m

7?3,

!

- NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM '

THEORETTCAL PERFORMANCE OF JP-4 FUEL WITH A 70-PERCENT-FLUORINE -
30-PERCENT-OXYGEN MIXTURE AS A ROCKET PROPELLANT
I - FROZEN COMPOSITION

By Sanford Gordon and Vearl N. Huff

SUMMARY

Theoretical rocket.performance was calculatéed for JP-4 fuel with an
oxlidant containing 70.37 percent liquid fluorine and 29.63 percent lig-
uld oxygen by weight Cfluorine—to—oxygen atom ratio of 2). Frozen com-
position was assumed during the expansion process. Data were calculated
for two chamber pressures and for several pressure ratloa and oxidant- .
fuel ratios.

The parameters included are specific impulse, combustion-chamber
temperature, nozzle-exit temperature, molecular weight, characteristic
velocity, coefficlent of thrust, ratio of  nozzle-exit area to throat
aresa, specific heat at constant pressure, isentropic exponent, coeffi-
cient of viscosity, d@nd coefficient of thermal conductivity. A correla-
tlon 1s given for the effect of chamber pressure on several of the
parameters.

The maximum values of specific impulse for chamber pressures of 600
and 300 pounds per square inch absolute with an exit pressure of 1 atmos-
phere were 30l.1 and 278.2 pound-seconds per pound, respectively.

Y
INTRODUCTION

Iiquid-fluorine - liquid-oxygen mixtures with JP-4 fuel have been
considered recently as possible high-energy rocket propellants (refs. 1
to 5). ‘Better performance may be obtained from hydrocarbon fuels with
certain fluorine-oxygen mixtures than with either 100 percent fluorine
or oxygen. The reason for this is that fluorine burns preferentially
with hydrogen, and oxygen with carbon. This is fortunate in that the
alternative formation of water instead of hydrogen fluoride would lead
to lower combustion temperatures, and the formation of carbon tetrafluo-
ride instead of carbon monoxide would lead to higher molecular weight.
The result would then have been a lower ratio of temperature to molecu-
lar weight with a correspondingly lower performance.

i
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According to datas in reference 6, the optimum oxident mixture with
JP-4 fuel is about 70 percent fluorine and 30 percent oxygen by weight.
Additional data were computed for JP-4 fuel with an oxidant containing
70.37 percent fluorine and 29.63 percent oxygen by weight (fluorine-to—
oxygen atom ratio of 2) for both frozen and equilibrium composition dur-
ing expansion. These data, which cover a wlde range of oxidant-fuel
retios and pressure ratlos, were calculated to aid in rocket design and
for comparison with experimental results.

The present report presents the data obtained for two chamber pres-
sures on the basis of frozen composition during expansion. A correlation
is given which permits the determination of specific impulse, character-
istic veloclty, ratio of nozzle-exlt area to throat area, combustion-
chamber tempersture, and nozzle-exit temperature for a wide range of
chamber pressures.

SYMBOLS

The following symbols are used in this report:

A nozzle area, sq in.
& local velocity of sound (veloclty of flow at throat),
ft/sec
Cp coefficient of thrust; Cp = g,I/c* = F/P A,
C; molar specific heat at constant pressure, cal/(mole)(°K)
)
?ni(cp)i
cy specific heat at constant pressure, ﬁxif:—gij—g cal/(g) (°K)
.Sy specific heat at constant volume

c* cheracteristic veloclty, g P.A./w, ft/sec
F thrust, 1b
£y, 5, ... functions ¥

. 1b mass £t
¢ gravitational conversion factor, 32.174 \T§5 Force sec%)
H; sum of sensible enthalpy and chemical energy, cal/mole

COF TDENE fedaer
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o/t

ST, 3

sum of sensible enthalpy and chemical energy per unit mass,

21:\’ n; (BR)s

specific impulse, 1b force-sec/lb mass

coefficient of thermal conductivity, cal/(sec)(cm)(°K)
EE:niM

molecular weight, T o g/g-mole or 1b/lb-mole
mole fraction

characteristic-velocity exponent, Cﬁ igg ;c)

specific-impulse exponent for fixed pressure ratio,

CA log I )
A log P
c Pc/P

temperature exponent for filxed pressure ratilo,
(A log T
A log P, Pc/P

area-ratlo exponent for fixed pressure ratio,
<A log ¢

A—TCE-ITQPC/P
oxldant~-to-fuel weight ratio
static pressure (sum of partial pressures), 1b/sq in.
partial pressure, 1b/sq in.
universal gas constant (consistent units)
equivalence ratio, ratio of four times the number of car-

bon atoms plus the number of hydrogen atoms to two times
the number of oxygen atoms plus the number of fluorine

4(C) + (H
S OEac)




o)
i
Subscripts:
[

e

P e NACA RM E56A13a

entropy at pressure of 1 atmosphere, cal/(mole) (°K)

ls

§§3n1(8%)i R 2°Py1n py/14.696
entropy per unit mass, M{T - nk) - J 3 )
cal/(g) (°K)

temperature, %

mass-flow rate, 1b/sec

. d log P
isentroplic exponent, 3 Iog p
5

ratio of nozzle area to throat area, A/At
density, 1b/cu in.

coefficient of viscosity, g/(cm)(sec) = poises

combustion chamber
nozzle exit

product of combustion including both gaseous and solid
phases

gaseous product of combustion
solid product of combustion (graphite)
conditions at 0° K

constant pressure

constant pressure ratio

constant entropy
nozzle throat

reference point

“EONT FDENT k]
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CALCULATTON OF PERFORMANCE DATA

Performance data were obtained for two chamber pressures for a range
of equivalence ratios and pressure ratios. Frozen composition during ex-
pansion was assumed.

The computations were carried out by the method described in refer-
ence 7 with modifications to adapt it for use with an IBM card-programmed
electronic calculstor. The machine was oOperated with floating-decimal-
point notation and eight significant figures. The successlve approxima-
tion process used in the calculations was continued until seven-figure
accuracy was reached in the desired values of the assigned parameters
(mass balance and pressure).

Assumptions

The calculations were based on the following usual assumptions:
perfect gas law, adiabatic combustion at constant pressure, isentropic
expansion, no friction, homogeneous mixing, and one-dimensional flow.
The products of combustion were assumed to be graphite and the following
1deal gases: atomic carbon C, carbon monofluoride CF, carbon difluoride
CFZ’ carbon trifluoride CFS’ carbon tetrafluoride CF4, difluoroacetylene

CZFZ’ methane CH,, carbon monoxide CO, carbon dioxide COp, atomlic fluo-
rine ¥, fluorine F,, atomlc hydrogen H, hydrogen H,, hydrogen fluoride

HF, water Hp0, atomic oxygen O, oxygen 05, and the ‘hydroxyl radical OH.

The combustion products are assumed to be completely expanded within the
exit nozzle; that is, ambient pressure equals exit pressure.

The graphite was assumed to be finely divided and in temperature
and velocity equilibrium with the gases during the flow process.

Initial Data

Thermodynamic data. - The thermodynamic data for all combustion
products except graphite, methane, the fluorocarbons, and water were
taken from reference 7. Data for graphlte were taken from reference 8,
for carbon monofluoride from reference 9, for the remainder of the
fluorocarbons from reference 10, and for water from reference 11. Data
for methane were determined by the rigid-rotator - harmonic-oscillator
approximation using spectroscopic data from reference 12. The base used
in this report for assigning absolute values to enthalpy is the same as
in reference 7. ’

The dissociation energy of fluorine was taken to be 35.6 kilocalo-
ries per mole and the heat of sublimstion of graphite at 298.16° K was
taken to be 171.698 kilocalories per mole (ref. 13). The heat of solu-
tion of oxygen and fluorine was taken to be zero.

L sonpalercirmagre JI T T
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Physical and thermochemical data. - The properties of the fuel used
in these calculations are typical of the JP-4 fuel delivered to this
laboratory over a period of 2 years. The JP-4 fuel was assumed to have
a hydrogen-to-carbon weight ratio of 0.163 (atom ratio of 1.942), a lower
heat of combustion value of 18,640 Btu per pound, and a specific gravity
of 0.769. Additionsl properties of Jet fuels may be found in reference

14.

The oxidant used in these ‘calculations is a mixbture contalning 70.37
percent liquid fluorine and 29.63 percent liquid oxygen by weight
(fluorine-to-oxygen atom ratio of 2). Several propertles of the oxidants
taken from references 7, 13, 15, and 16 are listed in table I.

Viscosity data. - The viscoslty data for the individual combustion
products were either teken from the literature when availsble, or esti-
meted. The viscosities of F, H, H,, HF, N, and Ny are given in reference

17. The viscositlies of the remelning substances except HZO were calcu-
lated using similer techniques. The viscoslty of H,0 was obtained from

a modified Sutherland equation (ref. 18).

Computation of Combustion Conditions

Combustion pressure was assigned (300 or 600 1b/sq in. abs). At
this assigned pressure, the composition njy; enthalpy h (including both

chemical and sensible energy), and entropy s were determined for three
temperatures at 100° K intervals. The temperatures were chosen to band
the assigned value of enthalpy for the propellant mixture h The for-
mulas used to calculate h and s are (ref. 7)

; n; (Bq)y

h = z 1

gni(sg)i 1.9871832:93 in pj/l4.696
M1 - ) ™M

(2)

s =

Combustion composition corresponding to hc was obtalned by ordi-
nary three-point interpolation of composition as g function of h. En-
tropy 8, corresponding to hc was obtained by means of a three-point

three-slope interpolation of 8 as a function of h. The slope was ob-
tained by means of the thermodynamic relation

3995
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@%)P -7 (3)

It 1s convenient to treat the products of -combustion (sometimes a
mxture of solid graphite and ideal gases) as a single homogeneous fluid.
Therefore, the molecular welght of the combustion products M i1s defined
as the weight of a sample (including both gases and solid graphite) di-
vided by the number of moles of ges, as given by the formula

3 nyMy
e (4)
This value of M 1s sultable for use in the gas law
_ PRT
P = M (5)

provided the solid phase is included in the density. Such a fluid will
exhibit ideal properties as long as the volume of the gases is large with
respect to the volume of the solid phase. This procedure is also con-
sistent with the assumption that the solid particles are small enough to
be considered gas molecules of extremely large molecular welght.

Computation of Exit Coﬁditions

Calculation of parameters at assigned temperatures. - IExit tempera-
tures were selected at 3000 or 400° K lntervals to cover the range of
pressure ratios from 1 to 1500. At these selected temperatures, the
following data were computed assuming isentropic expansion and frozen
composition: pressure, enthalpy, specific heat at constant pressure,
isentropic exponent, viscosity, thermal conductivity, nozzle area ratio,
coefficient of thrust,-and specific impulse.

Interpolation of throat pressure. - A cublic equation in terms of
In P was derived from the following function and its first derivatlive
using the data at two assigned temperatures:

h T Po
function, fl =Inf,=Iln\g+%% - ¥

ae
firet derivative, - li 5 = s Q + 1+ _EL13)

2MF d In

(Values for dy/d 1n P were found by & numerical method.)

e e e e A =
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The two temperatures were selected to band the throat temperature.
The pressure at the throat was found by interpolating In P as a func-
h h

tion of f; for the point f; =1n i% - T?)' At this point the veloc-

ity of flow equals the velocity of sound.

Interpolation of enthalpy. - Enthalples were interpolated for a se-
ries of pressures including the throat pressure by means of quartic equa-
tions in terms of 1n P. Each of the ‘quartic equations used was derived
from data at two successive assigned temperatures and used to interpolate
those points within the temperature interval. The data used in forming
each quartic were the following function at one of the assigned tempera-
tures and its first and second derivetives at both assigned temperatures:

t=v] [

function! f5 =

df'5 i
first derivative, g4 P=HM

dzfs T (T _ )
second derivative, V47— = —
’(@mp)e M\ 7
Interpolation of temperature. - Temperatures were interpolated for
a series of pressures including the throat pressure by means of cubic
equations in terms of In P. Each of the cubic equations used was de-
rived from detae at two successive assigned temperatures and used to
interpolate those points within the temperature interval. The data used
" in forming each cubic were the followling function and its first deriva-
tive at both assigned temperatures:

function, f4 = 1n T

df4 r -1
first derivative, TmP- 7

Interpolation of specific heat. - Specific heats were interpolated
for a series of pressures including the throat pressure by means of cubic
equations in terms of 1n P. Each of the cubic equations used was de-
rived from values of specific heat for four successive temperatures and
used to interpolate those points within the interval of the two middle

temperatures.

Accuracy of interpolation. - The errors due to interpoletion were
checked for several cases. The values presented for enthalpy, entropy,
and specific impulse appear to be correctly computed to all figures

3995
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tabulated, while the remaining parameters may in some cases be in error

by one or two figures in the last place tabulated.

However, because of

uncertainties in the thermodynamic data used, all values are probably

tabulated to more places than are entirely significant.

Formulas

The formules used in compubting the various performance parameters

are as follows:
Specific impulse, 1b force-sec/lb mass

hc - he

I = 294.98 7650

Throat area per unit flow rate, (sq in.)(sec)/1b

A, 278L.6 Ty

W P,M.a
Characteristic velocity, ft/sec

c* = gcP(Ag/w)

I

32.174 P.(Ay/w)
Coefficient of thrust

&l 3274 T
Cr=" =7 *

Nozzle area per unit flow rate, (sq in.)(sec)/lb

86.455 T

A _
W PMT

Ratio of nozzle-exit area to throat area
YA
£ = At -

Specific heat at constant pressure, cal/(g) (%K)

O
Zl\/ %y (Cp)y
°» T M(T - o)

SNy

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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Isentropic exponent
log P cp cp

(when the composition is frozen)
Coefficient of viscosity, polses

PM

po= Z 5 (14)
13/
Coefficient of thermal conductivity, cal/(sec)(cm) (%K)
_ 5 R
k—lJ.CP+Zﬁ) '(15)

The values of viscosity and thermal conductivity for mixtures of com-
bustion geses calculated by means of equations (14) and (15) are only ap-
proximate. When more reliable transport properties for the various prod-
ucts of combustion become available, & more rigorous procedure for
computing the properties of mixtures may also be justified. When solid
graphite was present among the combustion products, it was omltted from
equation (14).

THEORETICAT, PERFORMANCE DATA
Tables

The calculated values of the performance parameters are given in
tables IT to VI. The properties of gases in the combustion chamber and
the characteristic velocity are given in teble IT for each chamber pres-
sure and equivalence ratio. Table ITI presents the values of performance
parameters at assigned temperatures and constant entropy. These values
were computed directly and used to interpolate properties for assigned
pressure ratios. The first temperature for each equivalence ratio 1s
greater than the combustion temperature and represents an isentropic com-
pression from combustion conditions. The data for this temperature were
used for interpolation. The values of viscosity and thermal conductivity
of the mixture are also given in this table as a function of temperature.

The performance parameters for small pressure ratios from 1 to 8 are
given in table IV. These properties permit computations within the rocket

3995
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nozzle and for finite combustion-chamber diameters. Properties at the
throat may be found where € = 1.000. The values adjacent to the throat
correspond to pressures which are 1.2 and 0.8 times the throat pressure.

The performance parameters for pressure ratios from 10 to 1500 are
given in teble V. This table gives sufficient date to permit interpole-
tion of complete data for any pressure ratio within the range tabulated.

The speclfic-impulse and area-ratio values for expansion from cham-
ber pressure to 1 atmosphere are summarized in table VI. The maximum
values calculated for specific impulse for chamber pressures of 600 and
300 pounds per square inch absolute are 30l.l and 278.2, respectively,
et 20.7 weight percent fuel. This mixture corresponds closely to the
chemically correct mixture for the formation of carbon monoxide and hy-
drogen fluoride.

Curves

The performence parameters are plotted in figures 1 to S for chamber
pressures of 600 and 300 pounds per square inch absolute.

Curves of speclific impulse are presented in figure 1 for pressure
ratios from 10 to 1500 as functlons of welght percent fuel. The meximum
values occur at about 20.5 welght percent fuel. The exponent oy is

also shown.

Curves of combustion temperature and exit temperature for pressure
ratios from 10 to 1500 are plotted in figure 2 as functions of weight
percent fuel. The exponent np i1s also shown.

Curves of the ratio of nozzle area to throat area are plotted in
figure 3 for pressure ratios from 10 to 1500 as functions of weight per-
cent fuel. The exponent n, 1s also shown.

Given in figure 4 are the curves for coefficient of thrust for pres-
sure ratios from 10 to 1500 as functions of weight percent fuel.

Figure 5 presents curves of molecular weight and characteristic
velocity as functions of weight percent of fuel. Also shown is the ex-
ponent n .

Effect of solid graphite. - The theoretical calculations of equili-
brium composition in the combustion chamber showed that solid graphite
was not present for the equivalence ratios of 1 to 1.6 (welght percent
fuel, 14.83 to 21.79) and was present for equivalence ratios of 1.75 to

RN iy
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4.00 (weight percent fuel, 23.35 to 41.05). The appearance of solid
graphite and carbon-fluorine compounds affected the values of the thermo-
dynamic parameters and resulted in a bregk in the performance data in the
region of 23 welght percent fuel. This break in the performance data is
apparent in figures 1 to 5.

Chamber-Pressure Effect

According to data of reference 19, the logarithms of the parsmeters
I, T, €, and ¢® are nearly linear with the logarithm of chawmber pres-
sure for a fixed equivalence ratlo and pressure ratio. This linearity
permits the data to be correlated by means of exponents according to the
following equations:

' Alog I
ne = (=22 o 16)
T (A lo PC) (
& *e/p /P
A log T
o = (R 1oeT) ()
P./P
A log ¢
- )
A log P
& Ye/p, /P
_ (A log c*
Og* = (A log Pc) (19)

Equations (16) to (19) may be written as

P
P
I, (Pc°1> _ (20)

nT

P

T = Tl@;—cﬁ (21)
P E

e = el<Pc::l) (22)

P
* * c
¢ =cg (Pc ’ (23)
2

H
I

3995
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where Pc,l may be selected to be either 300 or 600 pounds per square
inch absolute provided that Il’ Tl’ & and éi are the corresponding
values for the chamber pressure selected.

The date of tables IT and V were used in equations (16) to (19) to
calculate exponents which are also shown in the tables and are plotted
in figures 1, 2, 3, and 5.

To illustrate the use of these exponents, suppose it is desired to
obtain the value of specific impulse for a chamber pressure of 450 pounds
per square inch absolute and a pressure ratio of 30.62 (exit pressure, 1
atmosphere) for an equivalence ratio r of 1.5 (20.71 weight percent
fuel). From figure 1(b) or table V(b), the value of I at this pressure
ratio and equivalence ratio (but for a chamber pressure of 300 Ib{sq in.
abs) is 289.9 and the value of ny is 0.0185. From equation (20),

450

0.0185
289.9 500)

|
]

1l

289.9 (1.0075)

292.1

A comparison of the parameters obtained by means of the chawber-pressure
correlation and by a direct calculstion for two examples is given in the
following table (r = 1.5; 20.71 welght percent fuel):

Parameter| - P,, 450 1b/sq in. abs Pe, 1200 1b/sq in. abs
Po, 1 atm Pe, 1 atm

Estimated by|Direct Error |Estimated by|Direct Error

correlation |calculation correlation |calculation
I L 292.08 292.12 [0.04 320.61 320.53 ]0.08
Te 4423,7 4424.1 A 4616.0 4613.4 2.8
Te 1910.9 1910.8 .1 1568.5 1567.4 1.1
€ 4.107 4.101 .0086 7.956 7.948 .008
& 6505.8 6506. 2 4 6617.8 6615.9  |1.9

It 1s expected that values estimated for other equivalence ratios
and pressure ratios will have small errors of the order of magnitude
shown in the previous table. A possible exception might occur when the
value of the exponent is cbanging rapidly such as in the region when
solid graphite first appears.
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SUMMARY OF RESULTS

A theoretical investigation of the performance of JP-4 fuel with an
oxidant contalning 70.37 percent liguid fluorine and 29.63 percent lig-
uid oxygen by weight was made for the following conditions: (1) equiva-
lence ratios from 1 to 4, (2) chamber pressures of 300 and 600 pounds per
square inch, (3) pressure ratios from 1 to 1500, and (4) frozen composi-
tion during expansion.

The results of the investigation are as follows:

1. The maximum values of specific impulse for chamber pressures of
600 and 300 pounds per square inch absolute (40.83 and 20.41 atmospheres)
and an exlt pressure of 1 atmosphere were 30L.1 and 278.2, respectively,
at 20.7 weight percent fuel.

2. The data presented in this report permit interpolation of com-
plete performance data for any equivalence ratio from 1.00 to 4.00, cham-
ber pressure from 150 to 1200 pounds per squaere inch absolute, and pres-
sure ratio up to 1500.

Iewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, January 23, 1956
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TABLE I. - PROPERTIES OF LIQUID OXIDANTS

Property Oxygen, O, | Fluorine, ¥,
Molecular welght 32.00 38.00
Density, g/cc 21,1415 by 54
Freezing point, °C ©_218.76 ©.217.96
Boiling point, °C ¢.182.97 €.187.92
Enthalpy required to- convert d'3.080 d3.030

liquid at bolling point to
gas at 25° C, kcal/mole
Enthalpy of vaporization, %1 630 % .51
kcal/mole
C,8 c,h
Enthalpy of fusion, .106 372
kcal/mole

®at -182.0° C; ref. 15.
Pat -196° C; ref. 16.
CRef. 13.

dRe:E‘. 7.
e

At -182.97° C.

f O
At -187.92° C.

€t -218.76° C.

Ryt -217.96° C.




TABLE II. - THERMODYNAMIC PROPERTIES OF GASES IN COMBUSTICN CHAMEER POR JP-4 FUEL WITH

OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.83 PERCENT OXYiEN BY WEIGHT

Percent | Oxldant-| Equiva-| Temper-|Temperature| Molecu-| Enthalpy, | Entropy, 8pacific |Ieen- Ohareoter- |Charao-
fuel by | to-fuel lence ature, |exponent, lar h, 8, heat at trople istic ve- |[terla-
welght nalght ratic, T, ng, weight, oal/g |0al/{g)(°K)| constant |exponent,| locity tie ve-
ratlo, r, %k Alo M (a) pressursa, Y, gxponent, (loecity,
o/t 4(C)+{H (ZIog§ ) Ops EL%EE_E T s o*,
.E ;_{1% o/Pg 3 log p #\ | £t/mec
+ N oal/§ ) B Aloge )
G, (BTOEP’O {b)
(b) ()
Combustion-ohamber pressura, 600 lb/eq in. abs
14,83 5.743 (1.00 4007 0,0354 |32.24 (25693.0 |28.58390 0.365 (1.324 (0.0147 5974
19,60 4,102 (1.40 4464 .0431 |31,.,80 |3064,9 |3.6853 397 |1.,30% 0174 6484
B0.71 3.839%9 (1.50 4479 .0434 |20.95(3178,0 |2.7138 404 [1,307 0174 6539
21,79 3.589 |1L.60 4396 .0431 |[R0.97 |33B2.1 |3.7302 .414 11,8397 .0172 6491
30,33 2.897 (3.50 39898 . 0319 |B0.41.(4128.8 |3,8100 .485 |1.381 .0118 62779
Combuption-chamber preesure, 300 1b/sq in. abs
14,83 5.743 |1.00 3910 0.0354 |32.10 |2598.0 |2.5851 0.364 |1.3238 |0.0147 5913
17,87 4.585 |2.235 42338 L0407 |B1,45 |2B23 .9 |2,.6958 .384 |1.318 +0165 6366
19.60 4.1031]1.40 4338 .0431|31.03]13064.9|2,T7505 .396 |1.314 L.0174 564006
20,71 3,889 [(1.50 4346 .0434 |20,78B |3175.0|3.7798 .403 (1,311 +0174 6460
21.79 3,589 (|1.60 4267 .0431 20,80 |3283.1 [2.7983 .4123 [(1.30¢2 ».0172 6414
33.35 3.883 ]1L.75 4163 0365 |(80.75 |3437T.3 |3.8146¢ .426 |L.2390 .0135 6362
25,83 2.873|3.00 4067 .0354 |[20.55 |3683.7|2.8399 .447 |L.276 L0131 6344
30.33 2.3971|8.5¢0 313 .0319|230.288 (4128.8|23.8777 .484 |1.2354 .0118 6826
34,31 1.914 (3,00 3552 .02364 (30,04 |4533.9 |2,9035 .516 (1,838 .0097 §070
41,05 1.436 |[4.00 3095 . 01423 119,59 |51493.5|3,9267 .565 (1.2319 .0053 5768
ATha baaa'uaed for enthalpy is glven in resference 7.
bParameter based on frozen composition.
1 : OO *
% b e 1 ]
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TABLE III. - THEORETICAL PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR JP-4 FUEL WITH OXIDANT CONTAINING

70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGET

[Frozen composition during isentropic expansion or compreasionJ

(a) Combustion-chamber pressure, 600 pounds per square Inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR JP-4 FUEL WITH OXIDANT

CONTAINING 70.37 PERCENT FLUORINE AND 29.65 PERCENT OXYOEN BY WEIGHT

TABLE IITI. - Contlnued.

[Frozen composition during isentropic expansion or compressionJ
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THEORETICAL PERFORMANCE AT ASSIGNED EXIT TEMPERATURES FOR JP-4 FUEL WITH OXIDANT

CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT
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r = 1.00 (14.83 percent fuel by weight)

THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 1 TO 8

[Frozen composition during isentropic expansion.]
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(b) Combustion-chamber pressure, 300 pounds per square inch absolute.

- Continued.

FOR JP-4 FUEL WITH OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63
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THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 1 TO 8
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TABLE V. - THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 10 TO 1500 FOR JP-4 FUEL WITH

NACA RM ES6A13s

-

OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT

[Frozen composition during isentropic expansion.]

(a) Combustion-chamber pressure, 600 pounds per square inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 10 TO 1500 FOR JP-4 FUEL WITH

OXIDANT CONTATINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT

TABLE V. - Continued.

Erozen composition during isentropic expansionJ
(b) Combustion-chamber pressure, 300 pounds per square inch absolute.
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THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 10 TO 1500 FOR JP-4 FUEL WITH

TABLE V. -~ Concluded.

OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGHT

[Frozen composition during isentropic expansian

Combustion-chamber pressure, 300 pounds per square inch absolute.

(b) Concluded.
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TABLE VI. - THEORETICAL. PERFORMANCE FOR EXPANSION TO 1 ATMOSPHERE FOR JP-4 FUEL WITH

CXTDANT CONTAINING 70.37 FERCENT FLUORINE AND 29.63 PERCENT OXYGEN BY WEIGET

@Tozen composition during isentropic expansionz
Equiva~ | Percent |Oxidant- | Combua~- | Exit Cheracter. | Coeffi- | Nozzle | Specific
lence fuel by |to-Tuel | tion temper- | istic clent area _impulae,w
ratio, welght |weight temper- | ature, | velocity, of ratlo, I,
r ratio, sture, Tos c¥ thrust, & 1b-see/1b
a(cd+(x o/t Te» O ft/sec Cp
2(0)+(F og
Chetber pressure, 600 l'b/sq in. abs {expansion ratioc, 40,83)
1.00 14.83 5.743 4007 1548 B874 1.478 4.83 274.2
1.25 17.87 4.585 4358 1728 8338 1.480 4.91 291.5
1.40 19.60 4.102 4464 1788 5484 1.481 4.94 298.4
1.50 20.71 3.829 4479 1803 8539 1.482 4.96 301.1
1.80 21.79 3.589 4396 1807 6491 1.484 5.03 2959.65
1.756 23.35 3.282 4269 1803 6422 1.488 5.12 297.0
2.00 25.83 2.872 4168 1818 6402 1.492 5.23 297.0
2.50 30.33 2.297 3898 1787 8277 1.500 5.41 292.6
3.00 34.31 1.914 3618 1721 6111 1.505 5.55 285.9
4.00 41.05 1.436 3125 1555 5783 1.512 5.72 271.8
Chamber pressure, 300 1b/sq in. abs (sxpansion ratio, 20,41)
L.00 14.83 5.743 3910 1808 5913 1.383 3.09 254.1
1.25 17.87 4,595 4238 1995 6266 1.384 3.13 269 .6
L.40 19.60C 4.102 4332 2056 6406 1.385 3.4 275.8
1.50 20.71 3.829 4346 2073 6460 1.386 3,15 278.2
1.80 21.79 3.589 4287 2068 6414 1.387 3.18 276.5
1.75 23.35 I.282 4163 2061 6362 1.389 .23 274.7
2.00 25.83 2.872 4067 2067 6344 1.392 3.28 274.5
2.50 30.33 2,297 3813 2022 6226 1.396 3.37 270.2
3.00 34.31 1.914 3552 1544 6070 1.400 3.44 264.0
4.00 41.05 1.436 3095 1760 5762 1.404 3.52 251.4
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Specific impulse, I, lb-sec/lb

TaTnE =S NACA RM E56A13a

I ]
Specific-impulse
exponent, ny
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Oxidant-fuel weight ratio

(a) Combustion-chamber bressure, 600 pounds per sguare inch sbsolute.
2o \I
Exponent n; for use in equation T = Igq, ( 600)
Figure 1. - Thearetilcal specific impulse of JP-4 fuel with oxident containing

70.37 percent ligquld fluorine and 29.63 porcent 1iquid oxygen by welght,
Frozen camposition during isentropic expansion to Pressure ratio indicated,
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Spec;ific-’-impug.se
360 exponent, ny
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(b) Cambustion-chamber pressure, 300 pounds per square inch absolute.
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Exponent nI for use in equation I = 1300 ('ﬁ)ﬁ) .

FPlgure 1. - Concluded. Theoretical specific impulse of JP-4 fuel with oxidant

containing 70.37 percent ligquid fluorine and 29.63 percent liquid oxygen by
welight. ZFrozen composition during isentropic expansion to pressure ratio
Indicated.
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Temperature, T, “K

SRR, NACA EM ES56A13a
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Figure 2. - Theoretical combustion-chamber temperature and nozzle-exit temperature
of JP-4 fuel with oxidant contalning 70.37 percent liquid fluorine and 29.63 per-
cent liquid oxygen by weight. Frozen composition during isentropic expansion to
pressure ratio indicated.
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Figure 2. - Concluded.

and 29.63 percent liquid oxygen by weight.

P

ap
for use in equation T = T300 (386) .

Theoretical combustion~-chamber temperature and nozzle-exlt
temperature of JP-4 fuel with oxidant containing 70.37 percent liquid fluorine

expansion to pressure ratlo indicated.

Frozen composition during lsentropic
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Ratio of nozzle area to throat area, &
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Figure 3. - Thecretical ratio of nozzle arsa to throat area for JP-4 fuel with oxident con-
taining 70.37 percent liguid fluarine and 29.63 percent liguid oxygen by welght., Frozen
camposition during lsentropic expansion to pressure ratioc indicated.
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Ratlo of nozzle area to throat area, ¢
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Flgure 3. - Conclujed. Theoretical ratlo of nozzle area to throat area for JP-4 fuel with
oxidant containing 70.37 percent liquid fluorine and 29.63 percent liquid oxygen by weight.
Frozen composition during isentropic expansion to pressure ratio Indicated.
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Coefficlent of thrust, Cp
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Figure 4. - Theoretlcal coefficlent of thrust for JP-4 fuel with oxldant containing 70.37 percent
liquid fluorine and 29.63 percent liquld oxygen by weight. Frozen composition during isentropic
expansion to pressure ratio indicated.



S66%

NACA RM ESEAL3a ST 37

1.9 T —
Pressure
ratio,
Bo/P T —
l——1500

//
//./\////—‘800
Py | | 400
] / ]
—_1t T 1 4 | — 7%
— — 1 —200
— ] /V/ﬂ/ B e, Ly
~— ] | ———150
& T —] !
- ] fe—"] a1
B — //’/T | 100
g 1.6 —t—
"1 80
» — //L-———r-—""' 1
] " h 50
—
g T
B 15 £0
o |
8 50
1.4
20
15
1.3
. 10
Stoichiametric
ratlio
1.2 A
12 16 20 24 28 32 36 40 44
Fuel in propellant, percent by weight
e 1 | 2 I PR | 1 L | I 1 1 2 ]
6 S 4 3 2 1.5

Oxident-fuel weight ratio
(b) Combustion-chamber pressure, 300 pounds per square inch ebsolute.
Figure 4. - Concluded. Theoretical coefficient of thrust for JP-4 fuel with oxidant containing

70.37 percent liquid fluorine and 29.63 percent liquid oxygen by weight. ZFrozen composition
during isentroplc expansion to pressure ratlo irndicated.
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Figure 5. ~ Theoretical molecular we
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Oxidant-fuel welght ratioc

3 * c
n, for use in equation c¢” = Cx00\360

indicated.

t, chire.cteristic velocity, and exponent

for JP-4 fuel with oxlidant con-

taining 70.37 percent liquid fluorine and 29.63 percent liquid oxygen by
welght. Frozen composition during isentropic expansion from chamber pressure
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